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Abstract.
The holographic dark energy model is an attempt for probing the nature of dark
energy within the framework of quantum gravity. The dimensionless parameter c
determines the main property of the holographic dark energy. With the choice of
c ≥ 1, the holographic dark energy can be described completely by a quintessence
scalar field. In this paper, we show this quintessential description of the holographic
dark energy with c ≥ 1 and reconstruct the potential of the quintessence as well as the
dynamics of the scalar field.
Many cosmological experiments, such as observations of large scale structure
[1], searches for type Ia supernovae [2], and measurements of the cosmic microwave
background anisotropy [3], all indicate that the expansion of the universe is undergoing
cosmic acceleration at the present time. This cosmic acceleration is viewed as due to
a mysterious dominant component, dark energy, with negative pressure. The combined
analysis of cosmological observations suggests that the universe is spatially flat, and
consists of about 70% dark energy, 30% dust matter (cold dark matter plus baryons),
and negligible radiation. Candidates for the dark energy mainly include Einstein’s
cosmological constant Λ (vacuum energy) [4, 5] and evolving scalar fields usually referred
to as “quintessence” [6]. In either case, a key challenge is the “cosmic coincidence”
problem [7]: Why is it that the vacuum energy or scalar field dominates the universe
only recently? To explain the low density of the dark energy component, it appears
that either cosmic initial conditions or model parameters (or both) have to be tuned
finely. Whereas, it should be mentioned that the tracker version quintessence models
can alleviate the coincidence problem due to the existence of the tracker behavior [8].
Alternative attractive idea for explaining the dark energy problem can be found in a
framework of quantum gravity. Actually, the dark energy problem may be in principle a
problem belongs to quantum gravity [9]. In the classical gravity theory, one can always
introduce a cosmological constant to make the dark energy density be an arbitrary
value. However, a complete theory of quantum gravity should be capable of letting the
cosmological constant (or dark energy density) become a computable quantity which can
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be determined uniquely [9]. Currently, an interesting attempt for probing the nature of
dark energy within the framework of quantum gravity is the so-called “holographic dark
energy” proposal [10, 11, 12, 13]. It is well known that the holographic principle is an
important result of the recent researches for exploring the quantum gravity (or string
theory) [14]. This principle is enlightened by the quantum property of black holes.
Simply speaking, in a quantum gravity system, the conventional local quantum field
theory will break down. The reason is rather simple: For a quantum gravity system,
the conventional local quantum field theory contains much more degrees of freedom,
and such many degrees of freedom will lead to the formation of black hole so as to break
the effectiveness of the quantum field theory. To reconcile the conflict between particle
physics and quantum gravity, the ultraviolet/infrared (UV/IR) duality was introduced,
which is an important and intuitive embodiment of the holographic principle. It has
been pointed out by Cohen et al. [10] that the computation of the quantum zero-point
energy density should satisfy the requirement of the holographic principle, i.e. the
UV/IR duality. The derived dark energy density will be in accord with the observed
value when this duality is introduced. Furthermore, for obtaining a reasonable equation
of state of dark energy, Li [13] proposed that the IR cut-off in the theory should be
determined by the event horizon of the universe. This improvement leads to a very
reasonable holographic dark energy model, and can provide a rational explanation to
the cosmic coincidence problem. The holographic dark energy model has been tested
and constrained by various astronomical observations [15]. For other extensive studies,
see e.g. [16].
The distinctive feature of the cosmological constant is that its equation of state
is always exactly equal to −1. Whereas the dynamical dark energies that possess
evolving equations of state can be nicely described by quintessence which suggests that
the energy form with negative pressure is provided by a scalar field evolving down a
proper potential. Since the equation of state of the holographic dark energy w evolves
dynamically during the expansion of the universe, a problem arises: Whether can the
holographic dark energy be described by quintessence? In this paper, we will treat
of this problem and establish a correspondence between the holographic dark energy
and the quintessence scalar field, and further we will reconstruct the potential of the
holographic quintessence and probe its dynamics as well.
According to the UV/IR duality from an energy bound avoiding the formation of
black holes in a system of quantum field theory, the holographic dark energy density







where c is a numerical constant, MPl ≡ 1/
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Consider a spatially flat FRW (Friedmann-Robertson-Walker) universe with matter
component ρm (including both cold dark matter and baryons) and holographic dark
energy component ρde, the Friedmann equation 3M
2
Pl












where the fractional density of the holographic dark energy Ωde is determined completely












where the prime denotes the derivative with respect to the redshift z. The equation of
state of the holographic dark energy can thus be given











It can be seen clearly that the equation of state of the holographic dark energy evolves
dynamically and satisfies −(1 + 2/c)/3 ≤ w ≤ −1/3 due to 0 ≤ Ωde ≤ 1. In this
sense, this model should be attributed to the class of dynamical dark energy models
even though the description of quintessence scalar field is absent in this scenario. The
parameter c plays a significant role in this model. If one takes c = 1, the behavior of
the holographic dark energy will be more and more like a cosmological constant with
the expansion of the universe, such that ultimately the universe will enter the de Sitter
phase in the far future. As is shown in [13], if one puts the parameter Ω0
de
= 0.73
into (5), then a definite prediction of this model, w0 = −0.903, will be given. On the
other hand, if c < 1, the holographic dark energy will exhibit appealing behavior that
the equation of state crosses the “phantom divide” −1 during the evolution. This kind
of dark energies are referred to as “quintom” [17] which is slightly favored by current
observations [18]. If c > 1, the equation of state of dark energy will be always larger
than −1 such that the universe avoids entering the de Sitter phase and the Big Rip
phase. Hence, we see explicitly, the value of c is very important for the holographic
dark energy model, which determines the feature of the holographic dark energy as well
as the ultimate fate of the universe. As an illustrative example, we plot in figure 1 the
selected evolutions of the equation of state of holographic dark energy. We show in the
plot the cases of c = 1.0, 1.1, 1.2 and 0.9. It is clear to see that the cases in c ≥ 1
always evolve in the region of w ≥ −1, whereas the case of c < 1 behaves as a quintom
whose equation of state w crosses the cosmological constant boundary −1 during the
evolution.
The quintessence scalar field φ evolves in its potential V (φ) and seeks to roll towards
the minimum of the potential, according to the Klein-Gordon equation φ¨ + 3Hφ˙ =
−dV/dφ. The rate of evolution is driven by the slope of the potential and damped by the
cosmic expansion through the Hubble parameterH . The energy density and pressure are
ρφ = φ˙
2/2+V , pφ = φ˙
2/2−V , so that the equation of state of quintessence wφ = pφ/ρφ
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Figure 1. The evolutions of the equation of state of holographic dark energy.
Here we take Ω0m = 0.3, and show the cases for c = 1.0, 1.1, 1.2 and 0.9. Clearly,
the cases in c ≥ 1 behave as holographic quintessence, and the case of c < 1
behaves as holographic quintom.
evolves in a region of −1 < wφ < 1. Usually, for making the universe’s expansion
accelerate, it should be required that wφ must satisfy wφ < −1/3. Nevertheless, it can
be seen clearly that the quintessence scalar field can not realize the equation of state
crossing −1 [19]. Therefore, only the holographic dark energy in cases of c ≥ 1 can be
described by the quintessence. On the other hand, even though the current observational
data indicate that the parameter c in the holographic model seems smaller than 1, the
possibility of c ≥ 1 can not be ruled out yet. In particular, it must be pointed out that
the choice of c < 1, on theoretical level, will bring some troubles. The cases of c < 1 will
lead to dark energy behaving as a phantom eventually, which violates the weak energy
condition of general relativity, and the Gibbons-Hawking entropy will thus decrease
since the event horizon shrinks, which violates the second law of thermodynamics as
well. What is more, when the event horizon as the IR cut-off becomes shorter than
the UV cut-off within a finite time in the future, the definition of the holographic dark
energy will break down. Consequently, from a theoretical viewpoint, the choice of c ≥ 1,
especially of c = 1, is appropriate, as argued in [20]. For the favor of c < 1 from the
current available observational data, a possible interpretation says that this maybe a
gloss due to lack of sufficiently precise data. Anyway, the holographic dark energy with
c ≥ 1, especially with c = 1, seems reasonable on theoretical level. We can establish a
correspondence between the holographic dark energy with c ≥ 1 and quintessence scalar
field, and describe holographic dark energy in this case by making use of quintessence.
We refer to this case as “holographic quintessence”.
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Figure 2. The reconstruction of the holographic quintessence. The effective






. Also plotted are the evolution of the scalar field φ and the
form of the potential V (φ), where φ is in unit of MPl and V (φ) in also ρco. We
take here Ω0m = 0.3.
The quintessence potential V (φ) can be reconstructed from supernova observational
data [21, 22]. In addition, from some specific parametrization forms of the equation
of state w(z), one can also reconstruct the quintessence potential V (φ) [27]. The
reconstruction method can also be generalized to scalar-tensor theories [23], f(R) gravity
[24] and a dark energy fluid with viscosity terms [25]. For a reconstruction program
for a very general scalar-field Lagrangian density see [26]. Now we reconstruct the
quintessence potential and the dynamics of the scalar field in light of the holographic
dark energy with c ≥ 1. According to the forms of quintessence energy density and









= (1 + wφ)ΩφE
2, (7)





is today’s critical density of the universe. If we establish the
correspondence between the holographic dark energy with c ≥ 1 and quintessence scalar
field, then E, Ωφ and wφ are given by Eqs. (3)-(5). Furthermore, the derivative of the
Reconstructing holographic quintessence 6



























Figure 3. The evolutionary trajectories of the holographic quintessence in
w − dw/d ln a phase space. The shaded regions are occupied by thawing and
freezing models respectively. The arrows denote the evolutionary directions.
The leftmost point of the trajectories corresponds to the present; the rightmost
point is at z = 1. As the same in previous figures, the present fractional matter
density is taken as Ω0m = 0.3.








where the sign is actually arbitrary since it can be changed by a redefinition of the field,





by fixing the field amplitude at the present epoch (z = 0) to be zero, φ(0) = 0.
We show the evolutionary forms of the reconstructed potential and kinetic energies
of the holographic quintessence, V (z) and φ˙2(z), in figure 2, along with the corresponding
plot for V (φ), where φ(z) is also reconstructed according to Eqs. (8) and (9), also
displayed in figure 2. Selected curves are plotted for the cases of c = 1.0, 1.1, 1.2
and 1.3, and the present fractional matter density is chosen to be Ω0
m
= 0.3. From
this figure, we can see the dynamics of the scalar field explicitly. Obviously, the scalar
field φ rolls down the potential with the kinetic energy φ˙2 gradually decreasing. The
equation of state of the quintessence wφ, accordingly, decreases gradually with the cosmic
evolution, and as a result dwφ/d ln a < 0. As suggested in [28], quintessence models can
be divided into two classes, “thawing” models and “freezing” models. Thawing models
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depict those scalar fields that evolve from w ≈ −1 but grow less negative with time
as dw/d lna > 0; freezing models, whereas, refer to those fields evolve from w > −1,
dw/d lna < 0 to w → −1, dw/d lna→ 0. Roughly, the holographic quintessence should
be ascribed to the freezing model. Figure 3 illustrates the freezing behavior of the
holographic quintessence. Note that it has been indicated in [28] that a practical limit
of applicability for thawing and freezing bounds should be w . −0.8. Since here we only
want to show the freezing behavior of holographic quintessence in the w−dw/ ln a phase
space, the applicability of these regions are continued to w . −0.6 in an undemanding
way. As we have seen, the dynamics of the holographic quintessence can be explored
explicitly by the reconstruction.
In summary, we have associated the holographic dark energy with a quintessence
scalar field. We show that the holographic dark energy with c ≥ 1 can be described
totally by the quintessence in a certain way. A correspondence between the holographic
dark energy and quintessence has been established, and the potential of the holographic
quintessence and the dynamics of the field have been reconstructed. Though the choice
of c ≥ 1 is favored from a theoretical viewpoint, the current available observational
data imply c < 1 is more likely. The cases of c < 1 correspond to quintom type dark
energy, which can not be characterized by a single scalar field but can be realized by
double scalar fields where one is a quintessence with canonical kinetic energy term and
another is a phantom scalar field with noncanonical kinetic energy term. Thus, for
describing the holographic quintom with c < 1, one must reconstruct the potential and
the dynamics of the double fields. The work is in progress. We hope that the future
high precision observations (e.g. SNAP) may be capable of determining the value of c
and consequently shed light on the nature of dark energy.
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